Background: The C terminus of prosecretory mitogen lacritin targets the first 50 amino acids of syndecan-1 in a heparanase-dependent manner.
the cell surface proteoglycans of the syndecan (SDC1) and glypican families are complex multidomain structures that have shaped metazoan evolution (1) .
Many of their activities have been historically attributed to HS, a glucuronic acid/N-acetylglucosamine-rich polymer generated by stepwise Golgi biosynthetic and modifying catalysis with enzymes arranged in a quaternary complex (2, 3) . However, examples of core protein-driven activities have now emerged, most dramatically in fly morphogenesis (4 -7) , but also in mouse (8, 9) and cell systems (10 -15) .
Recently, we described a novel mechanism whereby ligation of the SDC1 core protein by lacritin (16, 17) requires heparanase deglycanation (18) . Lacritin is a prosecretory mitogen (16, 17) whose discovery emerged from a functional screen for exocrine differentiation and prosecretory factors (16) . Expression is abundant in lacrimal and salivary glands (16) , with reports in breast cancer (19, 20) . Lacritin is a secreted glycoprotein of ϳ25 kDa in tears and saliva with homology to dermcidin, a proposed breast oncogene (20) whose N-terminal half displays affinity for HS of SDC1 (21) . The two genes are adjacent on chromosome 12q13 in human. Lacritin promotes constitutive tear secretion by lacrimal acinar cells (16) and basal tearing in normal rabbits (22) , although it is itself a tear protein and appears to be selectively down-regulated in tears of patients suffering from dry eye (23) , the most common eye disease (24, 25) . Lacritin mitogenic (16) signaling is initiated within seconds via G␣ i or G␣ o /PKC␣-PLC/Ca 2ϩ /calcineurin/NFATC1 and G␣ i or G␣ o /PKC␣-PLC/ PLD/mTOR pathways (17) , implying an SDC1 complex probably inclusive of a G-protein-coupled receptor.
The involvement of SDC1 was discovered as a consequence of a screen of cell surface-biotinylated proteins from a lacritinresponsive cell. The 1 M NaCl eluant from lacritin columns was dominated by a discrete higher molecular weight band that was identified as SDC1 by mass spectrometry (18) . HS chains cleaved with NaBH 4 from lacritin-bound SDC1 were ϳ4 -5 kDa, versus ϳ40 kDa for SDC1 purified on FGF2 (18) . Short HS chains were non-existent in cells subjected to heparanase depletion by siRNA, and depleted cells failed to proliferate in the presence of lacritin but could be rescued by exogenous heparanase or heparitinase (18) . Similarly, siRNA depletion of SDC1, but not SDC2, abrogated lacritin-dependent proliferation in a dose-dependent manner (18) . No lacritin binding was observed to SDC2 or -4, and SDC1 bound to lacritin was resolved in the pellet after digestion with heparitinase I and chondroitin ABC lyase, suggesting that (i) short HS chains were necessary (or long chains obscured the binding site) and (ii) binding probably involved the SDC1 core protein (18) . Truncation analysis narrowed mutual binding to the N-terminal 50 amino acids of SDC1 and to an ␣-helical region within the 15 C-terminal amino acids of lacritin (18) .
Here we provide evidence for a hybrid binding site involving three essential elements: (i) the hydrophobic and conserved GAGAL sequence in the SDC1 N terminus that promotes ␣-helicity of the lacritin amphipathic C terminus, probably by interacting with lacritin residues Leu-108/Leu-109/Phe-112, without which no binding occurs, and (ii) HS proximal to GAGAL, probably as heparanase-modified stubs (18) , that together with (iii) co-substituted chondroitin sulfate (CS) in the N terminus of SDC1 may bind required Glu-103/Lys-107 and Lys-111 on the largely cationic face of lacritin. This heparanase-dependent and hybrid hydrophobic/electrostatic docking site thus appropriates a widely expressed HS proteoglycan and transforms it into a lacritin-selective binding protein.
EXPERIMENTAL PROCEDURES
Cell Culture, Plasmid Constructs, and Transfection-HEK293-EBNA1 (293E) cells (26) were kindly provided by Yves Durocher (National Research Council, Montreal, Canada) and both cultured and transiently transfected as described (26) for suspension culture expression. Suspension culture expression avoids cellular adhesion problems associated with manipulation of SDC1. For this purpose, hS1-pcDNA3 (18) was subcloned into pTT5 (26) (hS1-pTT5) using HindIII and BamHI sites generated via DNA forward primer 5Ј-CTGAAAGCT-TATGAGGCGCGCGGCGCTCTGG-3Ј and reverse primer 5Ј-CAGGATCCTCAGGCATAGAATTCCTCCTGTTTG-GTGGG-3Ј. hS1-pTT5 was transiently transfected into poorly adhesive 293E cells using linear polyethyleneimine (25-kDa Linear, powder; Polysciences Inc., Warrington, PA). Transfected and normal 293E cells were propagated in suspension by continuous rotation (125 rpm) in glycol-modified polyethylene terephthalate (PETG) flasks (Nalgene, Rochester, NY) containing F17 medium (05-0092DK, Invitrogen) supplemented with 4 mM L-glutamine and 0.1% of Pluronic F-68.
Numbering of SDC1 and lacritin constructs excludes the signal peptide, whose location was defined by SignalP version 4.1. Human SDC1 deletion constructs lacking 20 or 30 amino acids from the N terminus of mature SDC1 (del 1-20 or 1-30), respectively, were generated from hS1-pTT5 by long range reverse PCR (see primers in supplemental Table 1 ). Human SDC1 double point mutants S15A/23A, S15A/25A, S184A/ S194A, and triple point mutant S15A/S23A/S25A were generated from hS1-pTT5 using the QuikChange site-directed mutagenesis kit (Stratagene/Agilent Technologies, Santa Clara CA) (supplemental Table 1 ).
Two human SDC1-swapping constructs were developed from hS1-pTT5 by replacing the GAGAL sequence (amino acids 26 -30) with the corresponding regions GADED and GDLDD from human SDC2 (amino acids 40 -44) and SDC4 (amino acids 46 -50), respectively. A two-step process was used for each (supplemental Table 1 ). Plasmids were then sequenced and transfected into suspension 293E cells, and transient transfectants were developed.
Development of human lacritin-intein (pLAC) and lacritin C-25-intein constructs was described previously (17) . N-terminal lacritin deletions of 24, 35, 45, 55, 65, 71 , and 75 amino acids were developed from human pLAC (see primers in supplemental Table 2).  Human lacritin point mutants K66S, I68S, V69S, E70S, I73S,  L74S, L75S, V91S, I98S, G101S, F104S, L108S, L109S, K110S,  K111S, F112S, I68S/I73S, V91S/L98S, V91S/L109S, E103S/  K107S , and L108S/L109S/F112S were generated from pLAC using the QuikChange site-directed mutagenesis kit (Stratagene/Agilent Technologies) (supplemental Table 2 ). All constructs were confirmed by DNA sequencing. Bacterially expressed lacritin-intein and mutants were enriched on chitin columns, as detailed by Wang et al. (17) , and further purified on DEAE. An FGF2-GST construct kindly provided by William J. Chirico (State University of New York, Brooklyn, NY) was subcloned into pTYB1 (New England Biolabs, Inc., Ipswich, MA) with an intein tag and bacterially expressed (17) . Modification and Expression of SDC1s and Affinity Precipitation-Transiently expressed human SDC1 from suspension-cultured 293E cells and human SDC1 deletion and point mutants from 293E cells were harvested on ice (18) , solubilized in 1 ml of lysis buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 5 mM MnCl 2 , 2 mM PMSF, 200 mM n-octyl-␤-D-glucopyranoside, and protease inhibitors (Roche Applied Science)) for 30 min, and centrifuged at 18,407 ϫ g for 20 min at 4 ºC. Cleared supernatants (referred to in the figures as the "input lysate") were then aliquoted and stored at Ϫ80 ºC or applied immediately to affinity precipitation. Some hS1-pTT5-transfected 293E cells were cultured for several days in medium containing 30, 100, or 300 mM 4-methylumbelliferyl-␤-D-xylopyranoside (xyloside; 30, 100, 300 mM) to suppress glycosaminoglycan assembly (both heparan and chondroitin sulfate) (27) and then lysed. Lysates were also collected from hS1-pTT5-transfected 293E cells grown in sodium chlorate (25, 50, or 100 mM)-supplemented F17 medium lacking sulfates and sulfur (with the exception of L-cysteine; Invitrogen) to suppress sulfation (28) . Lacritin-intein, lacritin-intein truncation or point mutant, or FGF2-intein fusion proteins were bound to chitin beads. Beads were incubated overnight (4 ºC) with SDC1-enriched lysates (18) in a final binding buffer volume of 500 l and then washed three times (each wash with 30 times the bead volume) with the same buffer.
In competition assays, SDC1 lysates were incubated with increasing amounts of Pep1-20, Pep10 -30, Pep20 -40, Pep20 -30, Pep30 -50, PepScram10 -30, or PepScram19 -30 (each reconstituted in binding buffer). In other competition assays, SDC1 lysates were incubated with increasing concentrations of anti-HS single chain variable fragment antibodies HS4C3, MPB49, AO4B08, and IO3H10 that had been purified on Protein A from the periplasmic fraction (29) . SDC1 lysates with competitors were then added to lacritin immobilized on beads and further analyzed. Syndecan-1 pulled down by lacritin(s) or FGF2 was digested for 18 -24 h with heparitinase I (Seikagaku America) and chondroitin ABC lyase (Sigma) at 0.0001 and 0.005 units, respectively (18) , and centrifuged. Lacritin-bound SDC1 resides in the pellet, whereas FGF2-bound SDC1 is in the supernatant (18) . Pellets of lacritin affinity precipitates or, in some cases, both pellets of lacritin and supernatants of FGF2 affinity precipitates were separated by SDS-PAGE and immunoblotted using anti-human SDC1 mAb B-B4 (Serotec), as previously described (18) with minor changes. B-B4 detects core protein epitope LPEV (amino acids 85-88 of mature SDC1) (30) . LPEV is not affected by any of the introduced mutations. Blotting was also performed with mAb 3G10 (kindly provided by G. David, KULeuven, Leuven Belgium) with specificity for desaturated uronates in heparitinase-cleaved HS (31) and with mAb 2030, which targets chondroitin-4 sulfate in chondroitinase ABC-cleaved CS (Millipore, Billerica, MA). In some cases, affinity precipitations were performed in radioimmune precipitation assay buffer (Cell Signaling Technology, Danvers, MA) with pellets and supernatants separated and blotted as above. All experiments were performed at least three times.
Circular Dichroism of Lacritin C-terminal Peptide without and with SDC1, SDC2, or SDC4 Peptides-Lacritin LacPep95-119 (81 M) in 10 mM dodecylphosphocholine without or with 57 M SDC1 Pep20 -30, SDC1 Pep19 -30, SDC1 ScrambPep19 -30, SDC2 Pep34 -43, or SDC4 Pep41-50 was subjected to circular dichroism using a Jasco 710 spectropolarimeter (1-mm path length quartz cuvette) at room temperature. The background contribution of solvent and SDC1, SDC2, or SDC4 peptide was subtracted to obtain the spectra plots displayed that are presented as the mean Ϯ S.E. Data were analyzed by the paired two-tailed t test.
RESULTS
Lacritin Targets SDC1 Amino Acids 20 -30-Lacritin mitogenic activity is dependent on binding a subpopulation of cell surface SDC1 (but not SDC2 or -4) molecules with heparanaseshortened heparan sulfate chains (18) . Mutual binding elements appear to be contained within an amphipathic ␣-helix in the C terminus of lacritin and within the N-terminal 50 amino acids of SDC1 (18) (Fig. 1, A and B) . To narrow the site, we generated 293E suspension cultures transiently expressing native SDC1 or SDC1 lacking 20 (del 1-20) or 30 (del 1-30) N-terminal amino acids (Fig. 1C) . As previously observed, SDC1 blotting can include a high molecular weight multimer whose variable formation was independent of lacritin or FGF2 targeting (18) . We incubated the precipitates with heparitinase and chondroitinase ( Fig. 1D ) to remove the variably long heparan and chondroitin sulfate chains, with many of the heparan sulfate chains shortened by endogenous heparanase (18) . The pellet of the digest was then blotted for SDC1 core protein using mAb B-B4. Lacritin bound SDC1 and del 1-20 but not del 1-30 ( Fig. 1E ), implicating a contribution by amino acids 20 -30 . No affinity was displayed by lacritin "C-25" lacking the C-terminal amphipathic ␣-helix ( Fig. 1E) (18) .
We then challenged lacritin affinity precipitations with synthetic peptides together spanning this region (Fig. 1A) . Pep10 -30 (amino acids 10 -30) and Pep20 -30 (amino acids 20 -30), but not Pep1-20 (amino acids [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] or Pep30 -50 (amino acids 30 -50) inhibited binding. Most inhibitory was Pep20 -30, whereas randomly scrambled Pep10 -30 and Pep19 -30 had no effect (Fig. 1F) . Collectively, these data suggest that correctly ordered amino acids 20 -30 (NFSGSGA-GAL) in the N terminus of SDC1 are necessary for lacritin binding. Interestingly, NFSGSGAGAL serves as an important region for glycosaminoglycan attachment at serines 23 and 25 (32) . Glycosaminoglycan steric hindrance might therefore in part explain the requirement of heparanase or heparitinase digestion (18) for lacritin binding.
Mutual Hydrophobic Binding Specified by GAGAL-Because lacritin targets SDC1, but not SDC2 or -4 (18), we wondered whether the corresponding sequence in SDC2 or -4 differed, in keeping with low ectodomain identity among syndecans (Fig.  2) . SDC1 serines 23 and 25 are followed by GAGAL ( Fig. 2A) .
The homologous serines in SDC2 and -4 are followed by the less hydrophobic GADED and GDLDD, respectively ( Fig. 2A) . GAGAL was swapped out for GADED or GDLDD. Replacing GAGAL with GADED (SDC1-2) or with GDLDD (SDC1-4) in otherwise unaltered SDC1 (Fig. 2B ) respectively reduced binding substantially (Fig. 2, C and D) . Disruption of HS substitution might be an unintended consequence of swapping. FGF2 is entirely dependent on HS for ligation (28) , with some interaction with CS (33) that can substitute in place of HS in this region WB, Western blot. C, affinity precipitation scheme. D, lacritin-intein beads were incubated with lysates from SDC1-, SDC1-2-, or SDC1-4-expressing HEK293E cells. C-25-intein beads were similarly incubated with lysates from SDC1-expressing HEK293E cells. After incubation, beads were extensively washed and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the pellets were blotted with mAb B-B4 for SDC1 core protein. E, FGF2-intein beads were incubated with lysates from SDC1-, SDC1-2-, or SDC1-4-expressing HEK293E cells, thoroughly washed, and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the supernatants were blotted with mAb B-B4 for SDC1 core protein. (34) . Accordingly, FGF2 affinity precipitates were treated with heparitinase and chondroitinase. Both the supernatant and pellet of the digest were then blotted for SDC1 core protein. FGF2 bound each, although somewhat less SDC1-2 and SDC1-4 ( Fig.  2E) , and was detected in the digest supernatant in keeping the specificity of FGF2 for heparan sulfate independent of the core protein (28) . SDC1, SDC1-2, and SDC1-4 display substantially different hydropathic profiles (Fig. 3A) , as per the domination of GAGAL by amino acids with nonpolar side chains. Only three other ectodomain regions are as hydrophobic (not shown; ExPASy ProtScale analysis (Kyte and Doolittle)).
GAGAL is well conserved in all SDC1 orthologs, as detected by an SDC1 protein BLAST search of the non-redundant database, with the exception of Xenopus tropicalis, where it is absent. In mice and rats, threonine is substituted for the first alanine (Fig. 3B ). Prior analysis with lacritin truncation mutants C-5, -10, -15, and -25 implicated a potential hydrophobic binding face approximately centered on lacritin amino acids 100 -109 as part of an amphipathic ␣-helix (17, 18) .
Could mutual hydrophobicity drive SDC1-lacritin ligation, as respectively occurs in receptor-ligand pairs, such as PTH1R (parathyroid hormone 1 receptor)-PTHLH (parathyroid hormone-like hormone), PTH1RϪPTH (35, 36) , CRFR1 (corticotropin-releasing hormone receptor 1)-CRF (corticotropin-releasing hormone) (37), GLP1R (glucagon-like peptide 1 receptor)-GCG (glucagon) (38) , and GLP1R-GIP (gastric inhibitory polypeptide) (39)? Indeed, an initially low affinity complex between CRFR1 and CRF drives assembly of a CRF amphipathic ␣-helix that solidifies the interaction (37) . We compared the ␣-helicity of lacritin C-terminal peptide LacPep95-119 (amino acids 95-119) in 10 mM dodecylphosphocholine (17) without or with SDC1, -2, or -4 peptides (Fig. 3,  C and D) . Background contribution of each syndecan peptide in dodecylphosphocholine (random coil) was subtracted. ␣-Helicity was substantially enhanced by GAGAL containing Pep20 -30 (Fig. 3, C and D) or Pep19 -30 (not shown), whereas scrambled ScrambPep19 -30 had no effect (Fig. 3, C and D) . Significantly less effective were GADED or GDLDD containing SDC2 and SDC4 peptides (Fig. 3D, inset) .
To further address the role of mutual hydrophobicity, lacritin hydrophobic residues within or flanking this region (Fig. 4,  A and B) were selectively mutated. Others in an adjacent ␣-helix were also mutated. SDC1 binding was unaffected by lacritin point mutations I68S, V69S, V91S, I98S, G101S, or F104S (Fig.  4C) . In contrast, less SDC1 binding was observed to L108S, L109S, V91S/L109S, and F112S lacritin (Fig. 4C) , and triple mutant L108S/L109S/F112S completely lacked affinity (Fig.  4C) , although bacterial expression of each exceeded that of unaltered lacritin (40) . Further mutation at Ala-105 rendered lacritin insoluble (not shown). Ala-105, Leu-108, Leu-109, and Phe-112 are all predicted to contribute to the C-terminal amphipathic ␣-helix of lacritin.
Other C-terminal sites were considered. Ile-73 and Ile-68 reside in an adjacent predicted ␣-helix. Binding was unaffected by I68S, whereas neither I68S/I73S nor I73S displayed any affinity for SDC1 (Fig. 4C) , although bacterial expression of I73S exceeded that of unaltered lacritin (40) . Ile-73 is available in negative control C-25, and lacritin lacking 75 amino acids from the N terminus binds SDC1 as well as unaltered lacritin (Fig.  4D) , implying that Ile-73 is probably not an SDC1 binding com- ponent. Some similarities may be drawn to parathyroid hormone-like hormone that captures parathyroid hormone 1 receptor via its C-terminal amphipathic ␣-helix. Truncation of six N-terminal amino acids had little effect, yet binding was largely abrogated by mutation of the third serine to glutamic acid by steric hindrance of proximal N and C termini (35) . Similarly, an NMR model of the C-terminal 48 amino acids of lacritin homolog DCD (dermcidin) (Protein Data Bank entry 2KSG) suggests that the same region in lacritin could assume a folded conformation with Ile-73 in proximity to the hydrophobic binding face. Taken together, these data point to an interaction between SDC1 and lacritin that derives specificity from GAGAL and lacritin amino acids 108, 109, and 112, the latter of which may be adjacent to Ile-73 by folding.
Binding Requires HS and CS-Six other GAGAL-containing plasma membrane or extracellular proteins (ADCY9 (adenylate 
, lacritin-or lacritin G101S-, F104S-, L108S-, L109S, F112S-, C-25-, E103S/K107S-, K111S-, L108S/L109S/F112S-, I73S-, V91S-, V91S/L109S-, I98S-, V91S/I98S-, K66S-, I68S-, V69S-, E70S-, or I68S/I73S
-intein beads were incubated with lysates from HEK293E cells transiently expressing SDC1. After incubation, beads were washed extensively and treated with heparitinase I/chondroitinase ABC (hep-/chond-ase). Digests were centrifuged, and the pellets were blotted (WB) with mAb B-B4 for SDC1 core protein. D, lacritin-or lacritin N-24-, N-35-, N-45-, N-55-, N-65-, N-71-, N-75-, or C-25-intein beads were incubated with lysates from HEK293E cells transiently expressing SDC1. After incubation, beads were thoroughly washed and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the pellets were blotted with mAb B-B4 for SDC1 core protein.
cyclase 9), CD9 (CD9 molecule), CHRNB2 (cholinergic receptor, nicotinic, ␤2), FLNA (filamin A, ␣), LRRC26 (leucine rich repeat-containing 26), and ROS1 (c-ros oncogene 1, receptor tyrosine kinase)) are revealed by FASTA and BLAST searches of the human/Refseq database. Twenty-nine others are intracellular (supplemental Table 3 ). A further 26 plasma membrane or extracellular proteins contain a single amino acid substitution with a Smith-Waterson score of Ն27 (versus a score of 31 for GAGAL; supplemental Table 4 ). Although there is no evidence that GAGAL is active or available in these proteins, it is nonetheless interesting that lacritin cell targeting (17) and protein binding (18) are so apparently restricted and specific.
GAGAL is adjacent to serine 23 and 25 attachment sites in NFSGS, with binding dependent on digestion by heparanase (18) , an endo-␤-D-glucuronidase not widely expressed. Could the ϳ4 -5-kDa cleavage stubs (18) residual from heparanase exposure create a second binding platform for lacritin Lys-107, Lys-110, or Lys-111 on the opposite face of the lacritin amphipathic ␣-helix? We cultured cells overnight in 30, 100, or 300 mM xyloside to competitively inhibit heparan and chondroitin sulfate assembly (Fig. 5A, right) (37) . This progressively diminished the heterogeneity of SDC1. Because xyloside can be toxic and thus might reduce synthesis, we monitored the relative quantity of SDC1 core protein in each lysate by digesting with heparitinase and chondroitinase prior to blotting for SDC1 core protein. No differences were apparent (Fig. 5B) . However, affinity for lacritin was completely erased (Fig. 5C ).
For validation, we also utilized mAb 3G10 with specificity for desaturated uronates in heparitinase-cleaved HS (31) . Some ϳ60-kDa 3G10 epitope was detected, although substantially less (Fig. 5C ). 4-Methylumbelliferyl-␤-D-xylopyranoside is a more efficient inhibitor of CS substitution (40) than HS (41) . This is in keeping with residual SDC1 size heterogeneity that is attributable largely to HS and less so to CS (34) . We therefore blotted for CS with mAb 2030 for chondroitin-4 sulfate in chondroitinase ABC-cleaved CS (42) . A ϳ60-kDa chondroitin-4 sulfate band was detected in lacritin affinity precipitates using untreated SDC1 cell lysates but not from SDC1 lysates of 4-methylumbelliferyl-␤-D-xylopyranoside-treated cells (Fig.  5D) . The implication was that sulfated glycosaminoglycans may support GAGAL binding, possibly both CS-and heparanaseshortened HS stubs.
To address this observation more selectively, predicted SDC1 heparan sulfate attachment sites on serine were each mutated to alanine (Fig. 6A) and then subjected to lacritin affinity precipitation, after first checking relative levels of synthesis in which lysates were subjected to heparitinase and chondroitinase digestion, followed by blotting for SDC1 core protein (Fig.  6B) . Synthesis of S15A/S23A and S15A/S25A were equivalent to that of SDC1, but not S15A/S23A/S25A, which required a 16-fold increase in lysate load (Fig. 6B) . Ser-15 is most distal and Ser-25 most proximal to GAGAL (Fig. 2A) . Binding to S15A/ S23A and S15A/S25A were both slightly diminished (Fig. 6C) . In contrast, lacritin binding to triple mutant S15A/S23A/S25A was not detectable (Fig. 6C) .
As a positive control for HS chain assembly, parallel FGF2 affinity precipitations were performed (Fig. 6D) . FGF2 precipitates were treated with heparitinase and chondroitinase, and then both the supernatant and pellet of the digest were blotted for SDC1 core protein. FGF2 bound S15A/S23A and S15A/ S25A but not S15A/S23A/S25A (Fig. 6D) . Bound S15A/S23A and S15A/S25A were detected in the supernatant (and some in the pellet from incomplete digestion).
Because FGF binds only sulfated HS (28), we wondered whether sulfation contributed to lacritin binding. Chlorate suppresses sulfation by competitively inhibiting 3Ј-phosphoadenosine 5Ј-phosphosulfate synthase (2ATP-sulfurylase) (28) . After culturing cells overnight in 25, 50, or 100 mM sodium chlorate in low sulfur medium, the heterogeneity of SDC1 pro- Lysates were blotted with mAb B-B4 for SDC1 core protein. C, lacritin-intein beads were incubated with lysates from A or with lysate from HEK293E cells transiently expressing SDC1 without treatment. After incubation, beads were washed extensively and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the pellets were blotted with mAb B-B4 for SDC1 core protein or with mAb 3G10 for desaturated uronates in heparitinase-cleaved HS. D, lacritin-intein beads were incubated with lysates from HEK293E cells transiently expressing SDC1 in the presence of 50 mM sodium chlorate or 100 mM xyloside or with lysate from HEK293E cells transiently expressing SDC1 without treatment. After incubation, beads were thoroughly washed and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the pellets were blotted with mAb 2030 for chondroitin 4-sulfate in chondroitinase ABC-cleaved CS.
gressively decreased (Fig. 5A ), but protein synthesis of SDC1 was unaffected (Fig. 5B) . No lacritin-bound SDC1 (Fig. 5C ) nor chondroitin-4-sulfated band of ϳ60 kDa was detected (Fig. 5D) . Some ϳ60-kDa 3G10 epitope was detected, although less (Fig.  5C ).
2-, 3-, or 6-O-sulfation or N-sulfation of HS dictates ligand binding specificity. N-and 2-O-sulfation are, for example, necessary for interaction with FGF2 (43) . We therefore challenged lacritin affinity precipitations with several modification-selective antibodies (Figs. 6 and 7) . The anti-HS single chain variable fragment antibody HS4C3 preferably binds HS with 3-O-sulfated glucosamine and interacts weakly with N-, 2-O-, and 6-Osulfated saccharides (43) . Purified HS4C3, but not HS4E4 (N-sulfation; not shown) or negative control MPB49, inhibited SDC1 binding, suggesting by elimination that 3-O-, 2-O-, or 6-O-sulfated HS may help specify lacritin targeting.
Curious about the loss of lacritin binding coincident with a complete absence of chondroitin-4 sulfation with chlorate or xyloside treatment, we wondered whether serine 15, 23, or 25 might be substituted with CS (34) . Membrane-proximal serines 184 and 194 are well established substitution sites for CS (34) . We therefore mutated both to alanine (Fig. 7A) as a double mutant in otherwise intact SDC1, thereby focusing anti-CS blotting on serines 15, 23, and 25. SDC1 S184A/S194A expression was equivalent to that of native SDC1, as indicated by core protein blotting following heparitinase and chondroitinase digestion (Fig. 7B) . Affinity for lacritin was slightly enhanced as a mAb 2030 anti-chondroitin-4 sulfate-and mAb 3G10-blottable band (Fig. 7C) . Negative control C-25 showed no SDC1 binding or background anti-CS or -HS staining (Fig. 7C) .
To probe whether CS substitution of serine 15, 23, or 25 contributed, with HS, to the specification of lacritin-GAGAL binding, we challenged lacritin affinity precipitations of SDC1 lysates with the CS-directed single chain variable fragment antibody IO3H10. Also assayed was AO4B08 with specificity for N-, 2-O-, and 6-O-sulfated HS (43) . Purified IO3H10 inhibited binding in a dose-dependent manner, whereas purified AO4B08 had no effect. Thus, N-terminal CS, together with 3-O-sulfated HS, appears to be required for GAGAL-dependent lacritin binding.
With lacritin-bound SDC1 predominated by 35 S-labeled HS of ϳ4 -5 kDa in a heparanase-dependent manner (versus ϳ40 kDa for FGF2-bound SDC1) (18) , and with exogenous heparanase or heparitinase capable of rescuing lacritin-dependent mitogenesis in cells depleted of heparanase by siRNA (18), 3-Osulfated glucosamine must reside on HS cleavage stubs. How then might lacritin bind to sulfated HS stubs and sulfated CS? Anionic stubs might electrostatically interact with Lys-107, Lys-110, and/or Lys-111 that contribute to the C-terminal hydrophilic face of lacritin. As an example, Arg-20 and Lys-27 of the hydrophilic face of glucagon bind the glucagon-like peptide 1 receptor (38) . Similarly, His-335, Glu-339, and Arg-343 of the hydrophilic face of the oxytocin receptor are required for phopholipase C targeting (44) .
To address whether binding is via the hydrophilic face of the lacritin C-terminal amphipathic ␣-helix, lacritin point mutants E103S/K107S, K110S, and K111S were developed. Although bacterially expressed K110S lacritin was insoluble (as was K95S and E99S outside of the helix), E103S/K107S and K111S lacritins were both soluble, and expression of E103S/K107S exceeded that of lacritin by 3-fold (40) (no quantitative data available for K111S). Interestingly, neither bound SDC1 (Fig.  4C, right; longer exposures show slight K111S binding (not shown)), suggesting that the cationic lacritin face was essential. Thus, a mixture of hydrophobic, electrostatic, and enzymatic elements combine to anchor lacritin on SDC1. B, lysates from HEK293E cells transiently expressing SDC1, SDC1 S15A/S23A, SDC1 S15A/S25A, or SDC1 S15A/S23A/S25A were digested with heparitinase I/chondroitinase ABC (hep-/chond-ase) to control for equal loading by core protein and adjusted if necessary (right). Lysates were blotted (WB) with mAb B-B4 for SDC1 core protein. C, lacritin-intein beads were incubated with lysates from HEK293E cells transiently expressing SDC1 S15A/S23A, SDC1 S15A/S25A, or SDC1 S15A/S23A/S25A. After incubation, beads were washed extensively and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the pellets were blotted with mAb B-B4 for SDC1 core protein. D, FGF-2-intein beads were incubated with the same lysates. After incubation, washing, and treatment with heparitinase I/chondroitinase ABC, digests were centrifuged, and both the pellets and supernatants were blotted with mAb B-B4 for SDC1 core protein. Partially incomplete digestion gave rise to some FGF2-detectable SDC1 S15A/S23A in the pellet. E, lacritin-intein beads were incubated with lysates from HEK293E cells transiently expressing SDC1 in the presence of increasing amounts of purified HS4C3 or MPB49 antibody. HS4C3 is directed to HS with N-sulfation, 2-O-sulfation, 3-O-sulfation, or 6-O-sulfation, with highest affinity to 3-O-sulfation. MPB49 does not bind HS or CS. After incubation, beads were thoroughly washed and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the pellets were blotted with mAb B-B4 for SDC1 core protein.
DISCUSSION
Morphogenetic, secretory, and homeostatic events are regulated in part by local interaction of growth factors with cell surface proteoglycans. Previously, we described a novel mechanism in which heparanase deglycanation of the HS-rich SDC1 N terminus, and not of SDC2 or -4 or long HS chains, is required for ligation of the epithelial prosecretory mitogen lacritin (18) . We now discover that ligation requires the N-terminal GAGAL of SDC1 that enhances the ␣-helicity of the C-terminal amphipathic ␣-helix of lacritin, to which 3-O-sulfated HS (presumably as heparanase-shortened stubs) and 4-O-sulfated CS appear to gain anchorage, probably through lacritin cationic face residues Lys-107 and Lys-111. Thus, lacritin cell targeting of SDC1 is dependent on a mixture of protein-protein and protein-HS and -CS interactions.
Such hybrid binding has not been described previously, but it may not be uncommon. Ligation of cell surface proteoglycans was originally thought to be restricted to the anionic HS chains (45, 46) . However, an increasing number of ligands are now known to be captured by core proteins, several of which also bind heparin sulfate. Bone morphogenetic protein, Hh/Shh, and Wnts were originally known only for their heparin sulfate affinity (47) (48) (49) (50) (51) . However, new studies reveal how ligation of glypican-4 core protein by hedgehog and wingless (4, 5) and of glypican-5 core protein by bone morphogenetic protein in the fly (6) , as well as of glypican-3 core protein in mice by sonic hedgehog, Wnt 3A, and Wnt 7B (8, 9), play important roles in wing morphogenesis and body size, respectively. In some cases, the relative importance of each core protein to HS or CS may shift with time. In cerebeller development, Shh-dependent granule cell proliferation displays no or substantial heparinase sensitivity, respectively, at 3 and 6 days postnatal (51) . Similar examples from the syndecan family are unavailable, although core proteins of syndecan-1 (10 -12), -2 (13, 14) , and -4 (15) are cell-adhesive. Core protein involvement expands morphogenic complexity, seemingly with an HS or CS rheostat to modulate different cellular processes. However, the involvement of heparanase in this process may be rare and perhaps restricted to lacritin and SDC1.
Probing the GAGAL docking site revealed an interesting chain requirement in which S15A/S23A/S25A displayed no affinity, whereas S15A/S23A and S15A/S25A bound lacritin at levels slightly less than wild type. Because S15A does not affect binding (not shown), substitution at Ser-23 and Ser-25 may be key. HS chains in mouse Sdc1 are hierarchical. Alanine mutation of serine 25 (serine 47 with signal peptide) Ͻ S23A Ͻ S15A as stimulators of collagen gel invasion by human B lymphoid cells (12) . Also, Sdc1 mutated at either serine 23 or 25, but not 15 (or wild type), failed to support spreading of monkey fibroblastic cells on thrombospondin-1 (52) . What might be the spatial arrangement of HS stub(s) and CS? A location immediately proximal to GAGAL may be optimal because N-terminal CS is short (34) , as is the HS stub. HS stub length can be estimated, although with some variability. Heparanase cleaves glucuronic acid-N-sulfoglucosamine linkages when N-sulfoglucosamine is 3-O-or 6-O-sulfated or when a 2-O-sulfated glucuronic acid Inset, intact SDC1. B, lysates from HEK293E cells transiently expressing SDC1 or SDC1 S184A/S194A were digested with heparitinase I/chondroitinase ABC (hep-/chond-ase) to control for equal loading. Lysates were blotted with mAb B-B4 for SDC1 core protein. C, lacritin-intein beads were incubated with lysates from HEK293E cells transiently expressing SDC1 or SDC1 S184A/S194A. C-25-intein beads were incubated with SDC1 lysates. After incubation, beads were washed several times and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the pellets were blotted (WB) with mAb 3G10 for desaturated uronates in heparitinase-cleaved HS, mAb 2030 for chondroitin-4 sulfate in chondroitinase ABC-cleaved CS and with mAb B-B4 for SDC1 core protein. D, lacritin-intein beads were incubated with lysates from HEK293E cells transiently expressing SDC1 in the presence of increasing amounts of purified AO4B08 or IO3H10 antibody. AO4B08 is directed to HS with N-sulfation, 2-O-sulfation, or 6-O-sulfation. IO3H10 is directed to CS. After incubation, beads were thoroughly washed and treated with heparitinase I/chondroitinase ABC. Digests were centrifuged, and the pellets were blotted with mAb B-B4 for SDC1 core protein.
residue is nearby (53) . Single chain antibody HS4C3 was inhibitory, suggesting that the HS stub was 3-O-sulfated. From the expected HS structure (54) , cleavage should generate a 19 -29 monosaccharide stub of Xyl-Gal-Gal-GlcA-GlcNAc-GlcA 5-10 -GlcNAc-GlcA-GlcNAc (N-,6-sulfated)-GlcA (2-sulfated)-GlcNAc (3-sulfated)) that has a calculated molecular mass of 4.3-6.1 kDa. This compares favorably with HS stubs on lacritin-bound SDC1 that by gel filtration had a relative mass of ϳ4 -5 kDa, about one-tenth that of uncleaved HS (18) . Recent x-ray solution scattering of 6 -24 monosaccharide HS (3-10 nm, respectively) (55) makes feasible an HS stub estimate of 8 -12 nm. By further approximating the distance between serine 15 and glycine 26 of GAGAL as 11.3 nm (assuming 0.8 nm per amino acid separated by 0.3 nm), it would appear that a stub at serine 23 or 25 would be preferred. However, core flexibility may obviate the need for proximity.
Recent studies suggest that lacritin, HS, and heparanase may be key elements in the "lacrimal functional unit," whose dysfunction is manifested as "dry eye," the most common eye disease (24, 25) . The lacrimal functional unit consists of all ocular surface epithelia (cornea, conjunctival, lid), the lacrimal and meibomian glands, and lacrimal functional unit-coordinating afferent and efferent neural fibers (56) . Lacritin stimulates basal tear secretion by rat lacrimal acinar cells (16) and basal tearing when topically added to rabbit eyes, an effect sustained for several h (22) . Rather than densitization after 2 weeks of three times daily treatment, basal tearing gradually increases and remains elevated 1 week after treatment has ceased (22) . Selective tear lacritin deficiency of "about 50%" (57) to "ϳ7-fold" (58) or to 0.24 -0.56 of normal (23) has been noted in several proteomic studies of dry eye (23, 58) or of "blepharitis" (57) , an inflammation of the eyelid often associated with dry eye. One study indicated no difference (59) but did not differentiate between monomeric (active) and multimeric lacritin (largely inactive) (60) . Multimers form by tissue transglutaminase-catalyzed cross-linking involving Gln-106 of the SDC1 binding region (60) .
Conjunctival cells from dry eye patients express less EXTL2 (exostoses (multiple)-like 2), HS2ST1 (heparan sulfate 2-O-sulfotransferase 1), and HS3ST6 (heparan sulfate (glucosamine) 3-O-sulfotransferase 6) (61). This could diminish the number of HS chains capable of heparanase cleavage, one rationale for decreased lacritin binding of SDC1 from cells cultured in low sulfate medium containing chlorate. Heparanase is readily detectable in normal tears but less so in a small sample of dry eye tears. 4 Regulation of active heparanase secretion in cell culture is in part by ADP or ATP (62) . In unrelated studies with other end points, the UTP analog diquafosol tetrasodium was recently approved for the treatment of dry eye. The implied interrelationship between lacritin, SDC1, and heparanase in normal and dry eye is intriguing. Taken together, we describe a hybrid core protein/HS/CS binding process as a novel mechanism in physiology/dysfunction and potentially in metazoan development.
